Using first-principle calculations we have studied the stable phases of metal-atom chains on the ͑110͒ surface of NiAl. Our investigation is mainly focused on the technologically relevant case of Au chains, but the results will be analyzed in the broader framework of a family of metallic systems. We demonstrate that the nature of the adatom ͑Au, Mn, Ni, Cu, Al, H, C, Na, K, and Ca͒ is responsible for different levels of interaction with the substrate and gives rise to a variety of electronic behaviors. With some transition metals ͑such as Au, Mn, Ni, and Cu͒ the NiAl surface acts as a simple structural template for the formation of the artificial one-dimensional system and does not affect the electronic properties of the chains. With other atomic species ͑H, C, Na, K, and Ca͒ we observe substantially different couplings and stronger interactions. We demonstrate that the different electronic properties of the various adatoms are responsible for different couplings with the substrate and compare our findings with the existing experimental results. Finally, in the case of Au chains we have investigated the role of adatom-adatom interactions in the formation of such one-dimensional structures.
I. INTRODUCTION
The last decade has seen an ever-increasing demand for the design of devices of superior and revolutionary performance that has fueled both basic and applied research at the nanoscale. In this respect, the individual positioning of molecules and even atoms in precise locations of a device is becoming one of the frontiers for nanotechnology. Although still at a prototypical stage, the atom-by-atom fabrication of nanostructures is rapidly becoming a technique of choice for the study of the properties of materials of low-dimensionality and atomic-scale dimensions.
From an experimental point of view several attempts have been made to produce truly one-dimensional ͑1D͒ wires at the atomic scale. For instance, following the seminal works by van Ruitenbeek and Takayanagi, [1] [2] [3] suspended metallic chains of heavy transition metals ͑especially Au and Pt 4-9 ͒, were fabricated using mechanically controllable break junctions ͑MCBJ͒. The joint application of high resolution transmission electron microscopy ͑HRTEM͒ and scanning tunneling/atomic force microscopy 10 ͑STM/AFM͒ allowed the investigation of the electronic and transport properties of these chains, which show in the conductance spectra the discontinuous plateaus of conductance quanta typical of onedimensional systems. However, the existence of quantitative discrepancies among measured I-V characteristics suggests a strong correlation between the electronic and the structural properties of the systems. In fact, the MCBJ techniques does not allow the control in situ of the single atoms of the chain, and different structural arrangements can be obtained under similar experimental conditions. Several theoretical analysis [11] [12] [13] [14] [15] have been proposed to interpret the experimental results.
An alternative approach consists in the formation of long and ordered chains on metal and semiconductors surfaces.
The fabrication and characterization of mono-atomic Au chains on various substrates has been the subject of a large body of experimental work. [16] [17] [18] [19] [20] [21] [22] [23] [24] The role of the substrate is to act as the template for the assembling of the atomic chain. Along these lines, Ho and co-workers demonstrated [20] [21] [22] [23] that it is possible to assemble long gold chains, depositing with a STM tip single Au atoms onto a metallic NiAl͑110͒ surface. The final wires are highly ordered and stable against atomic relaxation, they are frustrated to the NiAl lattice periodicity and show true metallic electronic properties in 1D.
In this paper we will concentrate on monoatomic chains of Au atoms on a substrate of NiAl. In a previous work we studied the transport properties of Au chains upon the adsorption of carbon monoxide molecule. 25 Here we will focus on the intrinsic properties of the chain-surface interface. We will present a comprehensive study of the structural and electronic properties of this system and we will compare our findings with the behavior of mono-atomic chains of other atomic species. In particular, we will discuss the interplay between the nature of the adatom ͑besides Au we will consider Mn, Ni, Cu, Al, C, H, Na, K, and Ca͒ and the variety of electronic behaviors that arise from the different levels of interaction with the substrate. We will see that the role of the substrate ranges from a simple structural template for the formation of the artificial one-dimensional system to the formation of adatom-induced surface structures.
The paper is structured as follows: In Sec. II we briefly describe the method. In Sec. III we report our results: The properties of the clean NiAl͑110͒ in Sec. III A; the infinite Au chains adsorbed on NiAl surface in Sec. III B, while in Sec. III C we study the chain-to-surface interaction varying the chemical species of the adatoms. The early stage of the Au chain formation will be discussed for finite ad-structures ͑atom, dimer, short chain͒ in Sec. III D.
II. METHOD
We performed state-of-the-art electronic structure calculations 26 based on density functional theory ͑DFT͒, 27 with PBE ͑Ref. 28͒ generalized gradient approximation for the exchange-correlation functional. The electron-ion interaction was described consistently by ab initio ultrasoft pseudopotentials. 29 For a more accurate description of the atomic interactions, we have included the semicore 3d ͑5d͒ shell of Ni ͑Au͒ in the valence shell. Semicore shells were also included in the pseudopotentials of other adatoms ͑e.g., 3d in Cu and Mn, and 3s3p in K, Ca, and Mn͒. In the case of Na the interactions with inner electrons were included via nonlinear core corrections. 30 The infinite surface was simulated by large supercells, where we have included a thick vacuum layer ͑ϳ15 Å͒ in the directions perpendicular to the surface to prevent spurious interactions between adjacent replicas. The number of layers and of adatoms in the unit cell varies, depending on the particular system studied. For infinite chains, the supercell contains five layers of metal alloy with 1 ϫ 2 periodicity and 1 adatom. In the case of finite structures each slab contains three layers of NiAl͑110͒ with 8 ϫ 2 periodicity, and one, two, or seven atoms to simulate single adatom, dimer, and seven-atom-long chain structures, respectively. We tested that the reduction of the substrate thickness to 3 layers does not affect significantly the accuracy of the results. For Brillouin zone ͑BZ͒ integrations we used 4 ͑1͒ special k points in the irreducible wedge of the two-dimensional ͑2D͒ BZ of the 1 ϫ 2 ͑8 ϫ 2͒ surface cell. Finally, all structures were relaxed until forces on all atoms were lower than 0.03 eV/ Å.
We calculated the STM images within the TersoffHamman approximations 31 under constant current conditions and a negative bias voltage of −400 meV. Consequently, we are scanning the valence states in an energy region around the Fermi level.
III. RESULTS AND DISCUSSION

A. Clean surface
Promising technological applications, e.g., in catalyst reactions and in the aerospace field have motivated extensive studies of the physical properties of NiAl both from an experimental [32] [33] [34] [35] [36] [37] and a theoretical 38-41 point of view. Here, we will briefly summarize our results for the structural and electronic properties of the NiAl͑110͒ surface that we will use as common substrate for the formation of monoatomic chains.
NiAl is an alloy that crystallize in the CsCl structure, with 2 inequivalent atoms ͑Ni and Al͒ per unit cell and a theoretical lattice parameter a 0 = 2.94 Å in good agreement with the experimental value ͑2.89 Å͒. Figure 1 shows the schematic model of the ͑110͒ surface.
The ideal cleavage surface undergoes a structural relaxation, which mainly involves the atoms of the first layer, as summarized in Table I . In the optimized structure we observe a vertical displacement ͑⌬z R I ͒ of Al and Ni atoms: Outward for Al and inward for Ni, in agreement with experiments 32 and previous calculations. 34 Since the structural modifications are negligible for all other planes beneath ͑even in the presence of the adatoms͒, hereafter we will refer only to the relaxation of the first layer.
The nature of the rippling may be interpreted on the basis of the electronic structure of the system. Following Kang and Mele, 39 the bulk of NiAl may be considered as a regular array of Ni atoms embedded in a compressed electron gas, created by the sp aluminum valence electrons. As a result, the the strong Ni͑d͒ -Al͑p͒ hybridization causes the filling of the d band of NiAl, which is shifted of ϳ2 eV towards more negative energies, leaving a depletion of states at the Fermi level. 40 The surface formation involves a charge redistribution in the first layer that leads the displacement of Ni inwards and Al outwards until an electrostatic neutrality is reached. 38, 39 The electronic structure of the relaxed ͑110͒ surface is presented in Fig. 2 . The total density of states ͑DOS͒ in Fig.  2͑a͒ may be resolved in two principal contributions: The first one corresponds to the main peak centered at ϳ−2.0 eV below the Fermi energy ͑thick blue line͒, which derives from the filled d bands of Ni ͑as described above͒. The second is the almost uniform Al sp band ͑dashed red line͒, which spans the whole energy range and dominates the DOS at the Fermi level.
The sp character of the surface electronic states is evident in the simulated STM images, as shown in Fig. 2͑b͒ . The image shows a large component around the protruding Al atoms with a weak contribution deriving from the Ni atoms. On the contrary, the d states, well below this energy range, do not contribute to the simulated images. The resulting image correctly reproduces the experimental one. 41, 42 Finally, the calculated value of the work function = 4.8 eV, is in good agreement with the experiments ͑4.6 eV͒. 
B. Au chains on NiAl(110)
The study of Au chains on NiAl͑110͒ is motivated by the experimental observation 20, 21 that such structures, even when made of a few ͑Ͻ10͒ atoms, present electronic properties typical of 1D periodic crystal. Gold chains along the ͓001͔ direction were simulated adding one Au atom in the bridge position on Ni troughs in the ͑1 ϫ 2͒ unit cell, as shown Fig.  1͑a͒ . This geometry reproduces the experimental configuration. 20, 21 The relaxed wires are thermodynamically stable. In Table  II , we compare the adsorption energy ͑E Ads ͒ of the chain on the surface and the formation energy of an isolated chain ͑E Form Chain ͒ with the same geometry. E Ads is the energy difference between the surface with and without adsorbate
while E Form Chain is the energy difference between the isolated chain and the single atom
where E Tot Chain is the total energy of an isolated chain, calculated in the same unit cell, and E Tot atom is the total energy of the adatom ͓43͔. A discrepancy between these two values may indicate the preference of the adatom to bind to the surface or to form chains. From Table II , we observe that the formation of the chain is energetically favored in both cases. However, the difference between the two energies indicates an additional attractive interaction with the substrate, as confirmed also by the reduction of the work function.
The atomic chains are well ordered and do not present structural distortions ͑e.g., Peierls dimerizations͒: The presence of the ordered substrate drives the formation of ordered Au wires, where the Au-Au distance ͑2.93 Å͒ is induced by but larger than the DFT equilibrium distance in isolated chains. 11, 13, 14 Indeed, if we relax the Au-Au distance in chains without the substrate the bond length shrinks down to 2.67 Å ͑−9 % ͒. This geometry would have a formation energy of −1.67 eV/ atom, greater than the stretched ͑2.93 Å͒ chains, but smaller than in the presence of the substrate ͑Table II͒.
Despite the energetic gain in the formation of the chain/ surface interface, the overall distortions of the substrate induced by the adatom are small. Table I summarizes the structural parameters ͑bond length and angles͒ for the system. We explicitly separate the results regarding the atoms that are nearest-neighbor to the adatoms ͑labeled "Ad. row"͒, from those in the adjacent unit cell ͑labeled "Lateral"͒, as shown in Fig. 1 . The atomic reorganization of the substrate is more appreciable in the unit cell containing the adatom. For instance, the vertical ripple ⌬z R I increases beneath the chain ͑"Ad. row"͒ ͑with a consequent enhancement of the Ni-Al bonding distortion͒, but it maintains the same value as the clean surface in the lateral cell. The small distortion of the surface close to the adsorption site and its rapid decay along the ͓110͔ direction is the first signature of the onedimensional ͑1D͒ nature of the Au chains.
A similar trend is shown in STM images ͑Fig. 3͒: The sequence of spots in the ͓001͔ direction represents the chains as observed in STM experiments. 20, 21 The STM signal decays rapidly along the ͓110͔ direction. To confirm this finding we simulated the wire in the 1 ϫ 3 unit cell, i.e., increasing the intra-chain distance. The results are displayed in Fig.  3͑b͒ . The absence of Au-Au interaction along the ͓110͔ direction, neither direct nor mediated by the substrate, strengthens the 1D picture of the assembled structures. It confirms also that the ϫ2 periodicity along the ͓110͔ direction is sufficient to avoid spurious coupling among parallel Au chains. Nevertheless, to assert that the Au wire on NiAl͑110͒ surface could be considered as an effective 1D system ͑as the isolated one͒, it is necessary to understand the intrinsic coupling with the substrate and characterize the electronic structure of the Au/ NiAl interface. Our results show that the formation of the gold chain occurs without a remarkable modification of the substrate that acts as an inert template for the Au wires and that the total electronic structure of the system results from the simple superposition of the clean surface states and the states of the isolated chain. A first evidence derives from the analysis of the DOS in Fig. 4͑a͒ . We compared the total DOS of the surface with ͑black area͒ and without ͑gray vertical lines͒ the adsorbate. The two plots are almost identical apart from the energy range ϳ͓−6,−3͔ eV, where the gold contributions ͑yellow shaded area͒ are more evident. The adsorption of the chain happens without the modification of the bonding pattern of the substrate, i.e., without a direct charge sharing between the adsorbate and the alloy, as shown also in the charge density plot of Fig. 4͑b͒ .
The DOS component deriving from gold atoms ͓Fig. 4͑a͔͒ may be resolved in two contributions: A localized peak ͓main contribution to the yellow area in Fig. 4͑a͔͒ induced by the fully occupied Au 3d states and a dispersive, nondegenerate Fig. 1͒ is superimposed.   FIG. 4 . ͑Color online͒ Au/ NiAl͑110͒ surface. ͑a͒ Total DOS ͑black area͒ and projected DOS on Au atoms ͑yellow area͒ from Au/ NiAl͑110͒ interface; total DOS of clean surface ͑gray vertical lines͒. ͑b͒ Contour plot of the total charge density in a plane perpendicular to the surfaces containing gold chain and the corresponding Ni row along the ͓001͔ direction. Atoms are label as in Fig. 1 . The 1 ϫ 2 cell has been repeated along ͓001͔ direction for clarity. ͑c͒ Surface band structure along ⌫ -Ȳ direction: Projection of even NiAl ͑gray area͒ and Au ͑black lines͒ states from Au/ NiAl͑110͒ interface, and band structure of isolated Au-chain ͑triangles͒. ͑d͒ Charge density of a selected state corresponding to the arrow in the band structure.
-band ͑not appreciable on the scale of the DOS plot͒, which spans the whole energy spectrum and crosses the Fermi level. These characteristics may be interpreted in terms of the electronic states of an isolated chain, decoupled from the substrate. Due to the low coordination number in the chain, the system looses the spherical symmetry of the bulk, assuming a cylindrical symmetry. From a mathematical point of view, it is possible to label the electronic states of the chain according to the magnetic quantum number m z . On the basis of symmetry constraints, the d states with ͉m z ͉ =1,2 remain localized in the narrow peak at lower energy; while the valence Au 6s electron ͑m z =0͒ hybridizes with the d 0 -orbital ͑the d state with m z =0͒ leading to high directional bonds between neighboring sites. This behavior is also clear from the electronic band structure of the Au/ NiAl interface, plotted in Fig. 4͑c͒ . Due to the symmetries of the surface, the electronic states along the X -⌫ -Ȳ may be classified as being even or odd with respect to reflection in the mirror plane. Figure 4͑c͒ shows the surface band structure for the even states along the ⌫ -Ȳ direction, corresponding to ͓001͔ direction in real space. The NiAl contribution to the projected band structure ͑gray area͒ does not present significant deviations from the calculated band structure for the clean surface. 34, 41 Black lines describe the Auderived bands: At the Fermi level a -like band lies in a pseudo gap of the surface band structure. The depletion of NiAl states justifies the reduced interaction between the Au chain and the substrate. 20, 25 The band structure for an isolated Au chain ͑black triangle͒, calculated in the same cell, reproduces the main features of the adsorbed one. Outside the internal gaps, the Au-derived bands lose their surface character mixing with the continuum NiAl bulk states. However, the analysis of the Kohn-Sham orbitals does not show a direct coupling between the gold and the surface. As an example, we show in Fig. 4͑d͒ an electronic orbital that results from the noninteracting superposition between the -like state stemming from Au-chain and a surface resonance of the substrate.
In summary, the electronic structure at the interface can be outlined as follows: The d components both of the NiAl and of the adsorbate are fully occupied and do not interact at the distances fixed by the geometry. At the Fermi energy, on the contrary, we observe the superposition of the sp states of the substrate, homogeneously distributed on the surface, and the -band of gold, oriented along the chain. The absence of surface dangling bonds or of unpaired electrons in the chain does not favor a direct coupling, with shearing or transfer of charge between Au and the substrate. The energy gain mentioned above can be ascribed to electrostatic effects: the quasi-2D electron gas at the surface partially screens the Au-Au interaction, stabilizing the structure at a distance greater than the expected DFT calculations for isolated chains.
On the basis of this discussion, we can re-interpret the bright trace in the STM images ͑Fig. 3͒ as the -band of the chain, which crosses the Fermi level. The sp orbitals are hidden by the Au states in the "Ad. row" cell, but may be recognized with smaller intensity around the Al atoms ͑as in the clean surface͒, along the ͓110͔ direction ͓Fig. 3͑b͔͒. This feature is the signature of the effective 1D nature of the gold chain on NiAl͑110͒. 25 
C. Comparison with other adatoms
In order to understand the chain/substrate interaction as a function of the adatom electronic structure and to broaden our discussion to other potentially relevant cases, we substituted the Au adatoms with a set of other adsorbates ͑gener-ally labeled Ad͒. We considered two class of elements with and without d electrons in the outer valence shell. As prototype of the fist class we chose Mn, Ni, and Cu; while H, C, Al, Na, K, and Ca are representative of the second one. Manganese and Nickel have the 3d-shell partially occupied; the latter is also one of the constituents of the substrate. Similar to gold, copper has the d shell fully occupied, but it has a smaller covalent radius. Hydrogen and carbon are nonmetallic elements, with very different bonding properties. Aluminum, which is the other component of the alloy, has highly hybridized sp valence electrons. Alkali metals ͑sodium and potassium͒ are hydrogenoid metals: The comparison with H and Au allows us to understand the effects of the inner closed shells on the bonding properties of the external s electron, as a function of the covalent radius. Finally, calcium is an example of element with a filled s valence shell.
Not all the Ad/ NiAl interfaces that we considered have been experimentally realized. One exception is manganes: In fact the deposition of Mn adatoms or ad-dimers on NiAl͑110͒ has been recently reported. 45, 46 A large amount of work has also been devoted to study the adsorption of atomic and molecular hydrogen on NiAl͑110͒ at different coverages. [47] [48] [49] [50] In those cases H was not constrained to form 1D chains but was uniformly distributed onto the surfaces. Ad-structures of Ni and Al may be present as defects or steps on the NiAl͑110͒ surface, but generally do not form ordered chains.
For each chemical species, we substituted gold with the new adatom in the same adsorption site ͑see Fig. 1͒ and we relaxed the whole structure, in order to obtain adsorbate chains along the ͓001͔ directions. The results for the energetics and the optimized geometries are summarized in Tables I  and II ; while selected STM images are shown in Fig. 5 . We observed different regimes: One for transition metal ͑Mn, Ni, Cu, Au͒ and Al, one for nonmetals ͑H, C͒, and one for akali/ alkaline earth ͑Na, K, Ca͒.
Transition metals ͑Mn, Ni, Cu͒ present characteristics very close to gold. As shown in Table II , we observe a trend going from Mn to Au: As the d shell is filled, the adsorption energy ͑E Ads ͒ decreases; the work function gets closer to the value of the clean surface while the vertical distances ͓⌬z͑Ad-Ni͒ and ⌬z͑Ad-Al͔͒ increase ͑see Table I͒ . This fact suggests that the filling of the valence d shell reduces the coupling with the substrate. Similar interpretation derives from the analysis of the electronic structures, that never show the direct formation of chemical bonds between the chain and the substrate. Copper and nickel behaviors are very similar to gold, while manganese seems to be more reactive. In particular, from local spin density ͑LSD͒ calculations, the Mn/ NiAl͑110͒ interface is spin-polarized with a total mag-netization B = 4.55 bohr mag/ cell. 51 The spin density ͑spin up -spin down͒ is mainly localized around the Mn atoms and extends only slightly to the Ni atoms of the first surface layer. The different electronic structure at the Fermi level modifies the spin-resolved STM images ͑Fig. 5 top panel͒. The spin up component shows the hybrid sd-band, that characterizes the formation of the 1D gold chain ͑Fig. 3͒. On the contrary, spin down image is completely different, with a strong d character. The spin up component of DOS ͑Fig. 5͒ has the d band fully occupied at lower energies and a hybrid band that crosses the Fermi level. In the spin down part, the d peak is shifted towards the conduction band, and its lowest energy tail characterizes the electronic states at the Fermi level. These spin polarizations are not observed for Ni and Cu, where the overall interface remains nonmagnetic, and the corresponding STM images ͑not shown here͒ are identical to the Au case.
This picture changes drastically for the nonmetallic adatoms ͑H and C͒, where the direct coupling with the substrate is now favored with respect to the Ad-Ad interaction. Indeed, we observe a great enhancement of the adsorption energy ͑especially for carbon͒ and a reduction of the formation energy of the isolated chain ͑especially for hydrogen͒. These results are qualitatively in agreement with the experimental observation that the adsorption of hydrogen on NiAl͑110͒ is energetically favored, but it does not form 1D structures.
In both cases, we detect a strong reorganization of the electronic states at the interface and the formation of chemical bonds between the adsorbate and the substrate. However, the adsorption mechanisms of C and H are different. In agreement with experimental results 48 H sits 0.90 Å above the Ni rows ͑the experimental value is 0.95 Å͒, and its adsorption locally ͑Ad. row͒ removes the ripple relaxation of the clean surface. This behavior is readily understood within a Newns-Anderson model, 52 as originating from the coupling between the localized level of the adsorbate and the broad continuum of states of the substrate. The H 1s electron hybridizes with the Ni͑d͒ -Al͑p͒ band, restoring the charge distribution of the bulk phase. The resulting STM image ͑Fig. 5͒ displays a series of maxima, broadly delocalized over the cell, except for the adsorption row. In fact, the formation of the H -Ni bonding states induces a charge depletion around the H adatoms and lowers the energy of the corresponding Ni states, that become inaccessible for the STM detection ͑at this bias͒.
In the case of carbon adsorption, the strong hybridization with the surface is coupled with a remarkable distortion of the substrate ͑Table I͒, both beneath the adsorption site and in the lateral cell. Carbon binds in bridge position with the two neighboring Al atoms, forming sp hybrid orbitals along the ͓110͔ direction. This feature, along with the high C -C distance that does not favor a direct Ad-Ad interaction, prevents the formation of intrinsic 1D structures along the ͓001͔ direction. The STM images of Fig. 5 confirms this interpretation.
The Al adatoms follow the natural stacking of the surface along the ͓110͔ direction. Indeed, the relaxed vertical heights of the adatoms from Ni ͑1.97 Å͒ and Al ͑2.00 Å͒ of the first layer reproduce the ideal interlayer distance ͑2.08 Å͒. Similar to H, Al re-establishes locally the charge distribution of the bulk phase, removing the surface ripple.
For Na, K, and Ca the adsorption energies are much smaller than for the other adatoms, and are even positive in the case of K and Ca. On the other hand, the remarkable reduction of the work function with respect to the clean surface, is a signature of a charge redistribution at the interface. Similar to hydrogen, the presence of a unique s electron in the outer shell does not favor the formation of a highly directional bond along the ͓001͔ direction. Alkali metals donate their s valence electron to the substrate that locally looses the superficial ripple, leaving the adatoms almost ionized. This process leads to an energy gain ͑E Ads ͒ for the whole interface. On the other hand, because of their large ionic radii, the adatoms sit too close to each other in the geometry induced by the surface periodicity. The electrostatic repulsion between the ions makes the chains thermodynamically unfavorable. We checked this interpretation with two limiting tests: first we relaxed the bonding length in the isolated Na chain, the atom with the smallest radius among the three. The Na-Na equilibrium distance is 3.32 Å, 13% larger than in the constrained configuration. Moreover, we simulated the adsorption of a potassium-the atom with the largest radius-chain onto the ͑1 ϫ 3͒ NiAl͑110͒ surface. The adsorption energy is favored only by 0.1 eV/ Au with respect to the chain in the 1 ϫ 2 unit cell. However, the formation energy of the isolated wire in the 1 ϫ 3 cell is still positive; hence the main contribution to the electrostatic repulsion stems from the compression of the chain along the ͓001͔ direction and only slightly from the intra-chain interaction along the ͓110͔ direction. The corresponding STM images are characterized by a nonstructured bright stripe, delocalized along the the ͓001͔ direction, as illustrated in Fig. 5 in the case of sodium.
D. Finite Au structures
In this sections, we focus on the early stages of the Au chain formation, and on the effects induced by the finitelength of the ad-structures on the overall interface.
We studied a single adatom, a dimer and a seven-atomlong wire ͑labeled Au 7 ͒ adsorbed on the NiAl͑110͒ surface. In order to simulate finite ad-structures on a periodic substrate, we used large supercells with 8 ϫ 2 NiAl͑110͒ periodicity. Starting from the initial states illustrated in Fig. 6͑a͒ , we relaxed the three structures. The results for the energetics are summarized in Table III. Table IV reports the parameters for the relaxed geometries. In the case of the single adatom and the dimer, the values are relative only to the atoms close to the adsorption sites: moving away a ͑1 ϫ 2͒ cell from the adsorbates, the surface does not show structural modifications, maintaining the characteristics of the clean surface. Our results are in good agreement with experimental results 20 and with previous DFT investigations for isolated dimers. 54 As a general trend, we note that going from single atom to the Au 7 wire the interaction with the substrate decreases, assuming the characteristics of the periodic chain described above.
The configuration with the single atom has an adsorption energy 53 0.12 eV/ Au greater than in the infinite chain, denoting a slightly stronger interaction with the substrate. This issue is confirmed by an increase of the structural distortion of the first layer, and by a shorter vertical distance. The atomic s-d hybridization, that plays a fundamental role in the formation of Au-Au bonding states in the chain, is ineffective in this case. The 5d closed shell does not mix with the 6s electron that could interact with the substrate. The adsorbate, not constrained by lateral adatoms, can get closer to the surface and partially hybridize with the sp band of the substrate, distorting locally the bonding pattern of the first layer. However, the analysis of the electronic states does not show the formation of bonding states ͑as seen for H or C͒, but only a charge polarization at the interface. In agreement with experimental results, 20 the STM image ͓Fig. 6͑b͔͒ shows two contributions: the brightest protrusion centered around the gold metal, and an ordered distribution of spots at lower intensity, that corresponds to the Al sp orbitals as in the clean surface ͓see Fig. 2͑b͒ for comparison͔.
The inclusion of a second adatom induces an Ad-Ad interaction, not present in the previous case, which competes with the Ad-surface coupling in the stabilization of the structure. The former interaction seems to rule the process: The two gold atoms bind to each other shearing their valence electrons, but not including the substrate states. The formation of the bond involves also the hybridization with the d electrons. The bond is symmetric and centered between the two atoms, as shown in Fig. 6͑c͒ . Despite the fact that the Au-Au distance is a little frustrated ͑2.90 Å͒, the bond has the same characteristics of the periodic chain. We illustrate this finding in Fig. 7 , where we compare the Au-Au bonding states calculated for the isolated periodic chain ͓Fig. 7͑a͔͒ and for the Au-Au dimer ͓Fig. 7͑b͔͒ in the presence of the substrate. Figure 7͑b͒ is obtained from a STM simulation in the derivative operating mode ͑dI / dV͒ of the whole dimer/ NiAl interface. The spectra obtained in this way give a measure of the local density of states ͑LDOS͒ at the STM tip apex. Figure 7͑a͒ shows a maximally localized Wannier functions ͑MLWFs͒ 55, 56 of the isolated chain. Because of their localized character, MLWFs are particulary useful to describe the nature of the chemical bonding. 57 The two panels clearly describe the same bonding -state, characteristic of the infinite chains described above. Hence, the key properties of the infinite system are present even in the dimer/ NiAl interface.
Extending the length of the wire to seven atoms does not introduce novel features. The structure partially relaxes the stress of the Au-Au bond length, which reaches the value of the periodic wire, except for residual atomic distortions, due to the frustration of the bonds at the boundaries. Following the picture described above, the atomic wavefuctions hybridize and overlap, giving an overall molecular orbital delocalized along the wire. The different intensities of the STM spots ͓Fig. 6͑d͔͒ are the manifestation of the resonance effects on the wave functions, due to the finite size of the Au 7 wire. Passing to the infinite chain these interferences disappear giving the uniform spot distribution of the periodic chain. From an electronic point of view, this implies the extension of the molecular orbitals to the Bloch states, and the formation of 1D energy band in the periodic structure.
IV. CONCLUSIONS
In conclusion, we have demonstrated that the formation of linear chains of metal atoms is subordinated to the presence of d electrons in the outer shell of the adatoms, which partially hybridize with the valence s electron, leading to directional orbitals, as it is observed in the case of Au, the only system for which these structures have been experimentally observed. In addition, we have related the adatom-tosubstrate interaction with the occupation of the d shell: The more it is filled the less is the coupling. The combination of these two properties justifies the appealing effects of the effective 1D gold chains on NiAl͑110͒.
